Except for the gold derivatives and one Cu complex, the rest of them behave as liquid crystals organized in columnar mesophases (rectangular c2mm or p2mg or hexagonal p6mm symmetries) with melting points in the range 30 to 60 °C and clearing points in the range 57-112 °C. The mesophase structures were determined by small-angle X-ray scattering. Structural studies and models point out to nanosegregation of triphenylene columns and imidazolium/metal carbene moieties, separated by alkoxy chains, leading to multicolumnar systems. The compounds display emission spectra related to the triphenylene core in solution, in the mesophase, in the isotropic liquid, and in the solid state.
INTRODUCTION
Self-assembly of relatively simple molecules into higher-order systems is a useful strategy for the rational development of new functional materials with desired properties. Discotic liquid crystals, self-assembling disc-like molecules into columnar mesophases, are an interesting example. They present unique electronic and optoelectronic properties associated to their columnar structure, which makes them suitable for potential applications such as conductive devices, 1 field-effect transistors, or photovoltaic solar cells. [2] [3] [4] [5] [6] [7] [8] They are already commercially applied as birefringent films used to improve the viewing angle of liquid crystal displays. 9, 10 Triphenylenebased discotic mesogens and their columnar mesophases have been the subject of numerous systematic studies on structureproperties relationships, 11 due their high thermal and chemical stability, and their rich and highly developed chemistry. The properties of columnar mesophases are frequently related to their degree of structural organization. Therefore, understanding their dynamics and phase behavior at the molecular scale is fundamental for improved rational design. In this regard, molecules containing moieties different in nature and prone to self-assemble individually in separate domains may favor the emergence of new supramolecular organizations with new structures and new properties. 12 For example, the combination of rod and disc fragments within the same molecule has been used to achieve unconventional mesophases with well-ordered morphologies at the nanometric scale. 13 The microsegregation of dispersed single component columns different in nature can provide heterojunction columnar structures exhibiting useful properties such as ambipolar charge transport properties, [14] [15] [16] [17] [18] or efficient photocurrent generation. 19, 20 The strong stacking tendency of triphenylene provides an efficient structure for one-dimensional charge mobility. 21 The functionalization of the triphenylene core with long chains containing different functional groups, 22 including organometallics or coordination metal complexes, [23] [24] [25] [26] [27] [28] [29] offers many opportunities to modulate the properties of the system while conserving the tendency to columnar organization. We have already reported mesomorphic organometallic complexes containing triphenylene moieties where π-stacking of the triphenylene discs in columns and aggregation of the metallic moieties into segregated columnar zones coexist in a wellordered manner in the mesophase. 30 With metallic fragments able to produce Pt···Pt interactions, highly stabilized phosphorescent mesophases based on these interactions were obtained. 29, 31, 32, 33 The successful design of metal-containing mesomorphic triphenylene complexes reported in our initial studies prompted us to extend this investigation further to imidazolium triphenylene halides, their gold(I) and platinum(II) salts, and some N-heterocyclic carbene (NHC) complexes of Cu I , Ag I , Scheme 1. Synthesis of the imidazolium salts 1-4.
Synthesis and characterization of NHC-metal complexes.
The reaction of imidazolium salts 1 and 2 with the corresponding metal oxide M 2 O (M = Cu, Ag) led to copper and silver Nheterocyclic carbenes, as reported for related systems, 42, 43 whereas gold and platinum carbenes were obtained by transmetalation reaction of in situ prepared silver carbenes with the corresponding gold ([AuCl(tht)] (tht = tetrahydrothiophene), [Au(C≡CPh)] n ) and platinum (K 2 PtCl 4 ) precursors (Scheme 2). The carbene metal complexes were isolated as pale yellow (8 and 13) or white (5-7, 9-12 and 14) solids. 
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of gold chloro complexes 7 and 12 show one ν(Au-Cl) band at 329 cm -1 , as expected. 44 Similarly, the IR spectra of the platinum compounds (9, 14) display only one ν(Pt-Cl) band at ca. 368 cm -1 corresponding to the trans isomers. 45 Acetylide gold complexes (8, 13) show the expected ν(C≡C) absorption at ca. 2115 cm -1 .
Thermal and mesomorphic behavior. The compounds display good thermal stability in the range of study, and have been studied using polarized optical microscopy (POM), differential scanning calorimetry (DSC), and small-angle X-ray scattering (SAXS). Optical, thermal, and thermodynamic data are gathered in Table 1 . Representative microphotographs and thermograms are shown in Figures 1 and 2 . Additional data are provided in the Supporting Information (Table S1 and Figures  S33-S45 ). The four imidazolium salts (1) (2) (3) (4) , as well as the copper (10), platinum (9, 14) and silver (6, 11) carbene complexes, display enantiotropic mesomorphism with melting points in the range 30-60 °C. Figure 1 shows two representative thermograms. In contrast, the gold carbene complexes (7, 8, 12, 13) and the copper derivative 5 (which contains only one Tph group) melt directly to an isotropic liquid. Figures S33-S38 ).
The textures observed by POM on cooling from the isotropic liquid are fluid and birefringent, and similar for all the mesomorphic compounds in Table 1 , but rather unspecific. However, pseudo-focal conic textures suggesting columnar mesophases were observed ( Figure 2 ) when using hydrophilic glass (treated with sulfochromic mixture). This was confirmed in the SAXS studies. 
SAXS Studies.
As shown above by POM and DSC, the imidazolium salts (1) (2) (3) (4) , and five of the ten carbene complexes (6, 9-11, and 14) exhibit liquid crystalline mesophases. The emergence of columnar mesophases with large superlattice structures, containing several columns per lattice (multicolumnar mesophases, see below), was confirmed by SAXS investigation. The structure of the mesophases was solved from the indexation of the series of sharp reflections in the small-angle range of the SAXS patterns ( Figure 3 , Table S1 ). These patterns also reveal broad wide-angle scattering maxima that correspond to: liquid-like lateral distances between aliphatic chains and spacers (h ch ); piled triphenylene units orthogonally stacked over short distances (h Tph and dimer periodicity h Tph,2 ≈ 2×h Tph ); and imidazolium salts (or carbene complexes, both referred to as Im in the text) species (row periodicities h Im and h Im,2 ≈ 2×h Im , see below), undifferentiated from the chains, and thus overlapping with h ch . Neither the copper complex 5 nor the gold complexes (7, 8, 12, and 13) are liquid-crystalline. Nevertheless, the SAXS patterns in the isotropic liquid phase (Iso) exhibit a broad small-angle peak D, due to the nanosegregation occurring at the local-range level between the chains, the Tph and the Im moieties, together with a broad wide-angle scattering h lat from overlapping lateral distances between molecular moieties (Table S1 and Figures S39-S45 in Supporting Information). Based on a discerning analysis of the SAXS patterns, three types of mesophase were overall found in the liquid crystalline compounds, namely: two rectangular columnar mesophases of different symmetries, Col r1 (c2mm) and Col r2 (p2mg) respectively, and a columnar phase with hexagonal symmetry (p6mm), Col h ( Table 2 and Table S1 in Supporting Information). The numerous sharp, small-angle reflections (from 6 to 11 diffraction peaks, Figure 3 and Figures S39-S45 in Supporting Information), systematically observed for all compounds, along with the modulation of the intensity distribution, indicated the long-range two-dimensional expansion of the rectangular lattices (c2mm and p2mg), and confirmed the good segregation between the various molecular constituents, namely, the triphenylene discs, the Im species (together with the metallic fragments in the affirmative cases), and the aliphatic continuum, respectively. As expected, mesomorphism induction is primarily driven by the strong tendency of the triphenylene units to stack into one-dimensional columns and to nanosegregate from peripheral alkyl chains, as well as by metallic and imidazole fragments confined in separate zones, but the corresponding supramolecular organizations obviously need to find a compromise between arrangements and natural distances in Im and Tph zones, which are not necessarily compatible and impose stoichiometry constraints. The results are the large-size lattices of various symmetries, the widening of the scattering maxima and the reduced correlation lengths associated to piling. Since the metallic and imidazole fragments are directly connected together, either by ionic interactions in the salts 3, and 4 or by covalent bonds in the carbene complexes, they necessarily aggregate into undifferentiated columns or threads. The supramolecular organization into such multicolumnar mesophases would then consist of the concerted arrangement of both types of columns, the hybrid imidazole-metal based columns localized at the nodes of the twodimensional lattices, and the triphenylene columns forming a continuous sub-network within the lattices. The molten chains, merged into an infinite continuum (Figure 4 ), fill the space between columns. This prevents to deduce any individual connectivity between Tph and Im groups, because it occurs via these molten chains. Using a geometrical model previously reported, 32 it is possible to have more details about the specific internal organizations of the various parts within the mesophase lattices. The ratio between the molecular volume and the lattice area (with Z = 2, for the rectangular symmetry, and Z = 1 for hexagonal symmetry) and weighted by N mol molecules per repeat patterns (varying with the metal complexes connectivity, Table 2 ) provides a value for h mol ranging around the value of h Tph , consistent with a nearly orthogonal stacking of the triphenylene discs in the columns. The imidazolium salts with 1:1 Im:Tph stoichiometry (1, 3, and 4) show a centered rectangular columnar mesophase Col r1 , in agreement with the c2mm planar symmetry (Col r1 , c2mm), with a shrunken row spacing (i.e. a/b ≈ 1.38 < √3). From this analysis, the number of Tph columns per lattice, Z Tph , is found to be most likely 8. This was solved by trial-error tests, and keeping the most logical solution respecting the various symmetry elements of the planar group (see details in Table 2 ). Hence the average piling distance of Tph mesogens (h Tph = 3.6-3.8 Å) is in agreement with their periodicity along columns (determined from molecular volume and lattice area ratio: h mol = 3.7-3.8 Å, Table 2 ). At higher temperature, the imidazolium salt 4 exhibits a transition from Col r1 to hexagonal columnar (Col h ) phase with presumably Z Tph = 3 (or 4) Tph columns per lattice. The imidazole derivatives with Im:Tph composition in 1:2 stoichiometry (2, 10, 11, 14), and 1:1 stoichiometry (6, 9) show a primitive rectangular columnar mesophase, with a pseudo-hexagonal geometry (i.e. a/b ≈ √3). The reflections series involves (01), (41), (23), with odd h+k sum demonstrating the primitive lattice. The presence of the reflection (01) moreover proves the absence of glide line along b-axis. The highest possible and most likely planar symmetry is hence p2mg, with glide lines parallel to a-axis (Col r2 , p2mg). The number of Tph columns per lattice is most likely Z Tph = 6, which is compatible with the phase symmetry and leads to agreement between h mol and h Tph values as for Col r1 (Table 2) . Table 2 . Geometrical and structural parameters of the mesophases obtained from SAXS. Note that the kind of mesophase is not determined by the Im:Tph ratios, since (Col r2 , p2mg) is formed by complexes with different stoichiometries. The most plausible supramolecular arrangements in the three kinds of mesophase, compatible with the SAXS data, are shown in Figure 4 . In this figure the red disks correspond to triphenylene columns, and the green petals to imidazole-anion or carbene-metal zones. The aliphatic chains, occupying the white areas, have no order and are not shown for clarity. The results show that some compounds with different Tph:Im or Im:anion proportions give rise, however, to the same columnar symmetry (Col r2 , p2mg in this case), which deserves some comments. Figure 4 is meant to illustrate the average symmetry of the Tph and Im zones, not the stoichiometric Tph:Im or Im:anion proportions. The picture is viewed from above the Tph columns, which are constituted by a regular piling of Tph discs. However the petals are meant only to show the average symmetry of their piling along their column, not the Tph:Im proportion. This means that half of the petals depicted can be in one layer and be missing in the next one, when Tph:Im = 2:1. For instance, for the compounds with (Col r1 , c2mm) symmetry and Tph:Im = 1:1 the graphical representation in Figure 4 is correct considering that all the petals represented are in all layers, as defined by the Tph groups. However, for the complexes with Tph:Im = 2:1 (Col r2 , p2mg symmetry) we have to consider that each petal appears, randomly, only every two layers along the piling direction, but producing an average symmetry as indicated. Similar consid- 2-counteranions is only one every two Tph-Im groups. The type of lattice depends on the Tph:Im proportion and on the internal structure of the columns of ions or of NHC-metal complexes, and a phase transition from c2mm to p6mm even occurred for 4, presumably because of a modified internal structure allowing a re-distribution of the columns in the lattice plane. Discussion of the self-organization behavior. The absence of mesomorphism in compounds 8 and 13 is due to the presence of the protruding phenylacetylene group that will disturb the regular arrangement of the piled molecular segments into the columnar lattice. The reason is more puzzling for the gold and copper carbenes 5, 7 and 12, which do not differ structurally from their free-metal, silver and copper counterparts (1-4, 6, 10-11), which suggests that other crucial parameters in addition to the Im-Tph stoichiometry, such as the specific interactions between metallic species and the metal coordination nature (type and geometry) must also be decisive. The mesomorphic behavior confirmed by the SAXS studies can be discussed based on the simple enthalpy/entropy (disks/molecule) analysis of the molecular self-assembly process that we introduced recently. 32 Considering that in a molecular self-assembly process, a decrease in entropy always occurs (∆S < 0), the supramolecular structure (in our case the mesophase) will only be formed when the magnitude of attractive molecular interactions compensates for the unfavorable entropic term of the process (⎢∆H⎢ > ⎢T∆S⎢) to give rise to a decrease in the free energy of the system. Hence, all the ionic salts 1-4, where in addition to π−π stacking contributions of the triphenylene groups attractive electrostatic interactions are operating, show mesomorphic behavior. In fact, the analogous non-ionic imidazole-pentyloxy triphenylene derivative is non mesomorphic, whereas the corresponding bromide salt is liquid crystal. -. This behavior fits well the model that considers that the crystal-to-discotic phase transition is associated to disordering the peripheral chains, whereas the clearing transition requires collapse of the stacking of the cores in the columnar structure. In this model, the substitution of Br -by the tetrahaloaurate group, with the same total charge but distributed in a bulkier molecule, should produce a decrease of the clearing temperatures, as observed. In contrast, the tetrahaloplatinate anion, with a higher charge, might produce stronger electrostatic interactions inducing a stabilization of the columnar stacking and higher clearing temperatures. For the carbene complexes, the enthalpy/entropy balance should favor mesomorphic behavior in molecules with a greater number of triphenylene groups per molecule, since this increases the number of π−π stacking interaction without sensibly increasing the unfavorable entropic contribution. Consistently, the liquid crystal behavior found for the neutral platinum complexes 9 and 14 (Tph/molecule = 2 or 4, respectively) is expected, as for related systems. 32 For the ionic silver compounds 6 and 11 (Tph/molecule = 2 or 4, respectively, plus ionic interactions) the mesomorphic behavior is also not unexpected. The interesting difference in thermal behavior is found when comparing the copper and gold complexes, with apparently identical structures. The presence of the alkynyl group in the gold complexes 8 and 13 is structurally detrimental compared to the presence of Cl in 7 and 12, but none of them is mesomorphic. In contrast, for the similar copper compounds 5 and 10 (Tph/molecule = 1 or 2, respectively) the latter, with a more favorable Tph/molecule ratio displays mesomorphism. As we discussed recently somewhere else, the molecular dipoles associated to the M-X dipoles can induce these molecules to behave as dimers induced by dipole-dipole interactions, multiplying by two the Tph/molecule ratios. 32 According to the dipole moments of Au-Cl (4.91 D) and CuBr (5.55 D) bonds in the monohalides (MRCISD method), 47 and also to the data of Pauling electronegativity of the atoms involved (1.90 for Cu I , 2.54 for Au I , 2.96 for bromine and 3.16 for chlorine), 48 and the M-X distances (Au-Cl ≈ 2.38 Å; CuBr ≈ 2.54 Å), 49 the Cu I −Br dipole is expected to be somewhat higher than the Au I −Cl dipole, although only in the most favorable complex 10 this circumstance is decisive to produce mesomorphism.
Photophysical behavior. All the electronic spectra are very similar with absorption bands and extinction coefficients typical of triphenylene chromophores (Table S2 and Figure S46 in Supporting Information). 30, 50 The luminescent properties of the new imidazolium salts and metal carbenes have been studied in CH 2 Cl 2 solution, in the solid state (KBr dispersion), in the mesomorphic state, and in the isotropic liquid. The results are summarized in Tables S3-S4 of Supporting Information. Representative examples are shown in Figure 5 .
In
-7 M to 10 -2 M display the same emission, which confirms that emission is not related to agglomeration. All the emission spectra are similar showing a structured pattern with the maximum at ca. 387 nm and emission time decay in the range of nanoseconds (τ = 8.97 ns ±0.03 measured for 1 as a representative example). This is typical of triphenylene-centered fluorescence. 50 In the solid state (KBr dispersion), all the compounds display emission patterns similar to the dichloromethane solution ones, but their intensity decreases noticeably as described for related systems. 31 The, emissions show vibronics separated 1250-1360 cm -1 confirming that they are directly related to the aromatic core of triphenylene. Lifetime measurements were recorded for 1 as a representative example, affording an emission time decay τ = 11.82 ±0.04 ns (385 nm emission; excitation LED 320 nm). Again, this supports that luminescence is related to the triphenylene core with scarce influence of the metallic fragments. Finally, the luminescence of the mesomorphic compounds was measured at variable temperature to examine the luminescence in the solid, the mesophase, and isotropic liquid states ( Figure  S47) . Interestingly, the compounds are luminescent in the three states. At the melting point all the compounds show a slight decrease of the emission intensity observed in the solid. The same is observed at the clearing point to the isotropic liquid. The process is reversible, and the intensity of the emission is gradually recovered upon cooling. There is no induced luminescence by special packing in the liquid crystal. Thus, the luminescent behavior found in our complexes is centered on the triphenylene core and it is independent of the state of aggregation, suggesting that self-assembling of the triphenylene fragments is weak. This is in agreement with the fact that our compounds do not display high clearing temperatures, which reveals that intermolecular interactions in the mesophase are not strong.
CONCLUSIONS
The study of the triphenylene-imidazolium salts and their related triphenylene-carbene-metal complexes shows very clearly that the π-stacking of the triphenylene discs in columns is the essential driving force to define the segregation occurring in the mesophase. The Im-metal zone also presents co- lumnar order. The nature of the interactions in the Im-metal columnar zone is less important to define the kind of symmetry adopted by the material (identical phases can be produced by ionic salts or by covalent complexes). This does not mean that this part of the molecule is not influencing the formation of mesophases: these ionic or dipolar interactions are clearly a decisive contribution on occasions where a smaller enthalpic contribution by the Tph π-stacking contribution (in complexes with Tph:Im = 1:1 ratio) is insufficient provide a favorable condition for self-assembly (⎢∆H⎢ > ⎢T∆S⎢), as in the case of the copper complex 10 vs. the gold complex 12.
The emission spectra are fully related to the triphenylene core, which is electronically little influenced by the Im-metal moiety. The fact is that the emission spectra suffer only moderate intensity changes with changes of the physical state. This may allow monitoring the presence of the core through experiments where the physical condition of the complexes might be changing.
EXPERIMENTAL SECTION
General Considerations. General procedures are as reported before. 32 IR spectra were recorded on a Perkin-Elmer Frontier spectrometer coupled to a Pike GladiATR-210 accessory (4000-200 cm -1 ). 1 H NMR spectra were recorded on CDCl3 solutions in Bruker AV-400 (400.13 MHz) or Varian 500 (499.73 Hz) instruments; chemical shifts are quoted relative to SiMe4 (external, 1 H). Elemental analyses were performed with a Perkin-Elmer 2400 microanalyser. Absorption spectra were recorded on a UV-2550 Shimadzu spectrophotometer. Emission and excitation spectra at 298 K were measured in the solid state as finely pulverized KBr mixtures, in deoxygenated CH2Cl2 solutions in quartz tubes and in the mesophase by means of a remote fiber optic accessory with the sample placed between two quartz plates using silica spacers (30 µm) to maintain the cell gap, and the Mettler FP-82HT hot stage with a Perkin-Elmer LS-55 spectrofluorimeter. Lifetime measurements were recorded with a Datastation HUB-B with a nanoLED controller and software DAS6. The lifetime data were fitted using the Jobin-Yvon software package. MALDI-TOF mass spectrometry was carried out in Bruker Autoflex instrument. Microwave reactions were carried out using a CEM Focused Microwave Synthesis System, Model Discover instrument. Polarized Light Optical Microscopy was performed with a Leica DMRB microscope equipped with a hot stage Mettler Toledo FP 90. Differential Scanning Calorimetry was performed with a Perkin Elmer DSC-7 instrument calibrated with Indium as reference (mp: 156.6 ˚C, ΔH=28.4 J/g) and water, the thermograms were recorded at 5°/min. Microbalance Perkin Elmer was used to weight the samples. Temperature-variable small-angle X-ray patterns were obtained using a linear focalized monochromatic Cu-Kα1 beam (λ = 1.5405 Å) using a sealed-tube generator (900 W) equipped with a bent quartz monochromator. In all cases, the crude powder was filled in thin Lindemann capillaries of 1 mm diameter and 10 µm wall thickness in air (corrections for air were made), and then heated to produce the mesophase. An initial set of diffraction patterns was recorded with a curved Inel CPS 120 counter gas-filled detector linked to a data acquisition computer; periodicities up to 70 Å can be measured, and the sample temperature controlled to within ± 0.01 ºC from 20 to 200 ºC. Alternatively, patterns were also recorded on an image plate; periodicities up to 120 Å can be measured (scanned by STORM 820 from Molecular Dynamics with 50 mm resolution). Synthesis of the Precursors. Literature methods were used to prepare [AuCl(tht)], 51 [Au(phenylacetylide)]n, 52 and the ligands, 2-(hydroxy)-3,6,7,10,11-pentakis(dodecyloxy)triphenylene and 2-((6-bromohexyl)oxy)-3,6,7,10,11-pentakis(dodecyloxy)triphenylenes. 32 The other reagents were obtained from commercial sources. Labels (Im 1Tph ), (Im 2Tph ), (NHC 1Tph ) and (NHC 2Tph ) are used to indicate the imidazolium cation and the NHC derived from the initial imidazolium salts with 1 or 2 triphenylene units in the compounds. Synthesis of 1-methyl-3- (6-((3,6,7,10 
Notes
The authors declare no competing financial interest.
Insert Table of Contents artwork here
Spontaneous segregation taking place in triphenylene-imidazolium salts and in their NHC metal complexes, into organic columnar zones and metal containing or ionic columnar zones, produces columnar discotic ionic liquids and metallomesogens with columns of different nature. 
